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Summary 
 
The focus of this work is to generate and study light beams with cylindrical symmetry 
in polarization, namely cylindrical vector beams (CVBs). Two generation schemes 
using custom designed optics will be presented. The first scheme is a newly developed 
one, utilizing the electro-optic Kerr effect of a transparent ceramic to generate CVBs 
and the custom designed optic used is called the electro-optic radial polarization 
retarder (EO-RPR). In principle, the EO-RPR is a quarter-wave plate with radial fast 
axes and is capable of converting circularly polarized light beams into CVBs. Since the 
scheme utilizes the electro-optic effect, it has the advantage of switchable generation 
compared to other previous schemes. In this thesis, experimental details and results 
that prove the feasibility of this scheme will be presented. In addition, the fabrication 
of an EO-RPR with regards to material selection and other practical considerations will 
also be discussed. A theoretical study will be done to investigate the feasibility of this 
scheme. 
The second scheme utilizes the birefringence of the crystal alpha-barium borate 
(α-BBO) to generate CVB and the custom designed optic used is called the spirally 
varying retarder (SVR). This scheme has actually been demonstrated prior to this work 
and the research objective is to further improve the quality of the CVB generated. The 
main issue faced by the previous work was the poor surface roughness of the SVR 
fabricated by the laser-induced backside wet etching (LIBWE) process. In this work, 
this problem is resolved by changing the fabrication process to dry etching. Fabrication 
details will be presented and the fabricated SVR will be used to generate high quality 
CVB experimentally. 
  vi 
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The work presented in this thesis focuses on modulating one of light‟s fundamental 
properties: polarization. In the course of this chapter, the concepts of polarization and 
cylindrical vector beams (light beams with cylindrical symmetry in polarization) will 
be introduced. This is followed by a brief review of the potential applications of such 
beams, making apparent the increasing interest in cylindrical vector beams. To 
conclude, the overview of this thesis and its organization will be provided. 
 
1.1 Polarization of light 
Light is a transverse electromagnetic wave. As illustrated in Figure 1.1, it consists of 
electric and magnetic field vectors oscillating in a plane perpendicular to the direction 
of the propagating wave. If light is considered as a monochromatic plane wave of 
angular frequency ω propagating along positive z-axis, its electric field vector can be 
resolved in the x and y directions and expressed as shown in Equation (1.1) [1]: 
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The term exp[–i(ωt–kz)] is the propagation term, where t is time and k = 2π/λ. Ax and 
Ay are the amplitudes, and x  and y the phases of the x and y components of the 
electric field vector, respectively. 
 
 
Fig. 1.1: An electromagnetic wave. 
 
Due to the propagation term, the direction of the electric field vector is 
evolving with distance and time. This evolution gives rise to the polarization property 
of light. Traditionally, the polarization state of light has been defined as the temporal 
evolution of the direction of the electric field vector at a particular x-y plane. When this 
temporal change in the direction of electric field is random, the light is said to be 
unpolarized; a classic example is natural light. Conversely, when the direction changes 
in a predictable and orderly manner, the light is said to be polarized; an example is 








Ex and Ey are oscillating in 
the x-y plane with directions 
indicated by the vertical and 
horizontal arrows. 
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Fig. 1.2: The polarization ellipse. 
 
This directional change of the electric field vector during light propagation 
gives rise to a set of points in time and space as traced out by the tip of the vector. In 
general, these points join up to form the shape of an ellipse (as illustrated in Figure 1.2) 
for a polarized light source and this ellipse describes the light‟s polarization state. As a 
result, this ellipse is also commonly known as the polarization ellipse. From Figure 1.2, 
the polarization ellipse is contained within a rectangle with the lengths of its sides 
determined by 2Ax and 2Ay. Mathematically, the polarization ellipse is defined as 






x y x y
E EE E
A A A A
 
      
           
      
 (1.2) 
 
Its derivation can be found in [2]. Due to the cross term Ex Ey, the polarization ellipse 
is in general rotated by an angle α (also known as azimuth or orientation) from the x-
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dividing the radius of the minor axis by that of the major axis and then taking the 
arctangent of this division.  
Together, α and ε define all possible shapes of the polarization ellipse and 
hence all possible states of polarization. Their mathematical definitions are shown in 
Equation (1.3) [2] and since a pair of α and ε values defines a single polarization state, 
it can be inferred that any state of polarization will be dependent on the values of Ax, 
Ay and the phase difference,   ( y x    ).  
 
 
tan 2 (tan 2 )cos










   (1.3) 
 
To illustrate, Figure 1.3 shows the different polarization states of light at 
specific values of   when Ax equals to Ay. For the cases 0 or    , one can infer 
from Equation (1.3) that the value of ε becomes zero and so the polarization ellipses 
become line segments, hence the resultant states of polarization are linear. In fact, 
whenever m   where m is any integer, the outcome is linear polarization and its α 
is given by ±arctan(Ay/Ax) for 2n   and  2 1n   , respectively where n is any 
integer. Thus, for these illustrated cases where Ax equals to Ay, the linear polarizations 
have α of 45° when 0   and –45° when     as shown in the figure. Then when 
/ 2    and Ax is equal to Ay, the value of ε becomes ±π/4. Hence as illustrated in 
Figure 1.3, the polarization ellipses are now circular, giving rise to circular states of 
polarization and the value of α would not have any significance here. Now if Ax > Ay, 
(or Ax < Ay), the polarization state becomes elliptical instead with its major axis in the 
horizontal (or vertical) direction.  
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Fig. 1.3: Polarization states at various phase differences with Ax equal to Ay. 
 
The linear and circular polarization states mentioned are special cases of the 
more general elliptical state and they occur only when the values of  , Ax and Ay meet 
the conditions stated beforehand. Besides the two forms of elliptical polarization 
brought up in the preceding paragraph, four more examples of elliptical polarizations 
are shown in Figure 1.3 for / 4    and 3 / 4   . With Ax equal to Ay, the value 





Left-handed polarization ellipses 
 
/ 4  
  
/ 2  
  
3 / 4  
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respectively. The same case applies to the elliptical states when 3 / 4,    except 
that for these cases, the α value is –45°. 
Having considered the different polarization states, we will now look at the 
polarization handedness (the rotating direction of the electric field vector during light 
propagation) for the elliptical and circular polarization states. To determine the 
handedness, consider Equation (1.1) setting z = 0 for convenience. At this plane 
transverse to the propagation direction along z, the x and y components of the electric 
field vector can be expressed as shown in Equation (1.4): 
 
 
( ) cos( )      ,
( ) cos( ).
x x
y y
E t A t







For illustration purposes, assume / 2.   Thus, Ex (dotted red) and Ey (solid 
blue) can be plotted as shown in Figure 1.4. Since the electric field vector is the sum of 
the Ex and Ey components, the path traced out by the tip of the electric field vector will 
be a helix (light blue). Notice that as time increases, the helix is spiraling in the anti-
clockwise direction. In this case, the elliptical polarization is said to be left-handed. 
Conversely, if the helix is spiraling in the clockwise direction with increasing time, the 
polarization ellipse is said to be right-handed. 
This example is not exhaustive. In fact, on the condition that sin  > 0 (i.e. 2nπ 
<   < (2n+1) π where n is any integer), the elliptical polarization will be left-handed 
and whenever sin  < 0 (i.e. (2n–1) π <   < 2nπ where n is any integer), the elliptical 
polarization will be right-handed. In other words, the value of ε is positive for left-
handed elliptical polarizations and negative for right-handed elliptical polarizations. 
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Up till now, polarized light has been represented using trigonometric 
expressions. It can also be represented mathematically using Jones vectors or 
geometrically using the Poincaré sphere. These two forms of representation will be 
applied to polarization studies done in the course of this thesis. More details with 
regard to these two representations will be discussed in later chapters. 
 
 
Fig. 1.4: Left-handed elliptical polarization. 
 
1.2 Cylindrical vector beams 
Laser beams are generally polarized light sources and by and large, each of them is 
uniformly polarized in the spatial sense (throughout the cross section of the light beam 
normal to its propagating direction). However, thanks to numerous research efforts, 





Path traced by the tip of the electric field 
vector 
Ey 
Anti-clockwise rotation with 
increasing time 
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interest is a class of beams with cylindrical symmetry in polarization. These light 
sources are often referred to as cylindrical vector beams (CVBs). Two such examples 
are the radially polarized and azimuthally polarized light beams, as illustrated in Figure 
1.5. As the name suggests, a radially polarized light is polarized such that its space-
variant polarizations are linear and aligned along the radial directions and for the case 
of azimuthally polarized light, its space-variant polarizations are perpendicular to those 
of radially polarized light. These two types of CVBs have been extensively 
investigated, being the topic of interest in numerous recent theoretical and 
experimental studies. This widespread interest is due in part to theoretical arguments 
claiming that CVB polarization states are ideal for a variety of applications. The 
benefits and enhancements gained through their usage have also been demonstrated 
experimentally in many applications. 
 
 
Fig. 1.5: Examples of cylindrical vector beams. 
 
An application example which has benefited from the use of CVBs is laser 
processing of metals. Niziev et al. studied laser cutting of sheet metals theoretically in 
[3] and it was predicted that through the use of radially polarized laser beams, the 
cutting efficiency of metal sheets with high thickness to cut width ratio can be 
improved by 1.5 to 2 times as compared to cutting with plane p-polarized or circularly 
(a) Radially polarized (b) Azimuthally polarized 
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polarized laser beams. Besides cutting, the use of CVBs can also increase the 
efficiency of laser micro-hole drilling. Meier et al. reported an improved drilling 
efficiency of 1.5 to 4 times when drilling mild steel using azimuthally polarized laser 
beams compared to linearly or circularly polarized laser beams [4]. 
In many other studies involving radially polarized light, several research groups 
dealt with focusing the light beams using lenses with a high numerical aperture. For 
instance in [5-9], tighter and sharper focuses were achieved compared to focusing light 
beams with other polarization states. A smaller spot size is desirable in numerous 
applications such as optical data storage [10] and lithography [11]. Moreover, when 
tightly focusing a radially polarized light, a strong longitudinal electric field is created 
at the focal point. This longitudinal electric field proves helpful in trapping metallic 
particles [12] and accelerating bare nuclei [13] or electrons [14].  
Imaging is another area which has benefited from the strong longitudinal 
electric field that exists at the focal point of tightly focused radially polarized light. 
The highly localized and intense longitudinal electric field is able to enhance second 
harmonic signals generated at a sample surface [15] and therefore improve the 
performance of surface second harmonic generation imaging. This imaging method has 
been applied to the determination of three dimensional orientation of single molecules 
[16], providing a possible means to monitor the orientation of single molecules during 
experiments [17]. In addition, the surface second harmonic generation imaging is said 
to be gaining interest and popularity in the study of biological samples as the process is 
highly localized and no fluorescent probes or confocal pinholes are required [18]. In 
yet another imaging application, the localized surface plasmon microscope, its 
measurement probe is optimized through the use of radially polarized light. 
Consequently, the outcome is an enhancement of spatial resolution [19]. 
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In [20], it is mentioned that tightly focused azimuthally polarized light is the 
magnetic equivalent of tightly focused radially polarized light. Hence, instead of a 
longitudinal electric field, there exists a longitudinal magnetic field at the focal point 
and it was suggested that this can be used as a probe for magnetic transitions in matter. 
All of the applications introduced till now involve the use of radially or 
azimuthally polarized light beams. Nevertheless, the less studied form of CVB as 
shown in Figure 1.6 has also found application in beam shaping as proposed by Zhan 
et al. in [21]. A generalized CVB (one having space-variant linear polarization that is 
at an angle α from the pure radial polarization or π – α from the pure azimuthal 
polarization) is used in polarization beam shaping to obtain a flat-top beam by 
balancing its radial and azimuthal components. This will prove useful in many 
applications which desire a flat-top beam such as laser thermal annealing, laser 
material processing and optical recording.  
 
 
Fig. 1.6: A generalized cylindrical vector beam. 
 
In summary, CVBs have a multitude of potential applications, which include 
laser processing of metals, optical data storage, lithography, microscopy, bio-imaging 
and laser beam shaping et cetera, spanning many different fields. Thus, increased 
research efforts have been put into this area in recent years.  
 
α 
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1.3 Overview 
The aim of this work is to study and generate CVBs. Two methods to generate CVBs 
will be presented. The first generation method is based on a specially designed 
polarization optic called an electro-optic radial polarization retarder (EO-RPR). It is 
capable of converting circularly polarized light beams into CVBs. The main material 
used for its fabrication is a transparent electro-optic (EO) ceramic, lead magnesium 
niobate-lead titanate or Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), which exhibits the EO 
Kerr effect. It is the first demonstration of CVB generation through the use of the EO 
effect. Compared to optics used in other methods, the EO-RPR is relatively easier to be 
fabricated and it is switchable. This switching ability may provide convenience to 
some applications, such as the second harmonic generation microscopy used in [16]. It 
might also be useful in laser processing and offers the possibility of controlled particle 
acceleration. Moreover, PMN-PT is transparent over a wide spectral range and this 
makes the EO-RPR useful at these different wavelengths. 
The second generation method is based on the use of a birefringent crystal with 
a spiral surface profile and hence its name, the spirally varying retarder (SVR). The 
birefringent crystal used is alpha barium borate, α-BBO. The SVR is used together 
with a pair of quarter-wave plates to generate CVBs. This method has been reported 
previously in [22] and will be introduced in the following chapter. In the previous 
work however, the quality of the generated CVB still has much room for improvement. 
This is due primarily to the choice of fabrication method, laser-induced backside wet 
etching (LIBWE), which is not well-suited to fabricate the continuous spiral surface 
profile of the SVR.  To improve the quality of the generated CVB further, a new 
fabrication method (dry etching) is adopted to improve the surface roughness of the 
fabricated SVR. To fit to this new fabrication method, the continuous-spiral surface 
Chapter 1: Introduction 
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profile adopted in the previous work is modified into a stepped-spiral surface profile 
and so the fabricated product will be called the segmented SVR. The adoption of dry 
etching also means that the fabrication of a segmented SVR with a large clear aperture 
can be achieved. Understandably, a large SVR can be used with a large incident light 
beam. Coupled with the proper selection of substrate material, it offers the possibility 
of generating high power CVBs which can be used in applications like laser cutting. 
Feasibility of both methods was verified through experimental work. Using the 
EO-RPR or SVR, radially polarized light was successfully generated and its radial 
polarization purity was measured as a means of evaluating the performance of the 
proposed optics. For both methods, purities of ~ 95% are typically achieved, proving 
the efficiency of both methods. 
 
1.4 Thesis organization 
The organization of this thesis will be as follows: 
As presented in the preceding sections of Chapter 1, an introduction of the 
concept of polarization and CVBs is given as well as the potential applications of 
CVBs. This is followed by an overview of this thesis work. 
In the next chapter, Chapter 2, a brief review of the various schemes used for 
generating CVBs will be presented. This gives the readers an insight into the various 
working principles adopted and also the pros and cons of the different schemes.  The 
chapter ends with a short discussion on this topic which will lead to the motivation for 
this thesis work. 
The design and working principles of both the EO-RPR and segmented SVR 
will be presented in Chapter 3. An introduction of background knowledge, such as 
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birefringence, the Poincaré sphere, Pancharatnam‟s phase, Jones calculus and the 
Fraunhofer diffraction integral will be provided in the chapter. The working principles 
of the optics will be explained using the Poincaré sphere, which helps one to visualize 
polarization conversion without many mathematical calculations. In the case of the 
EO-RPR, numerical simulation will also be used to further support its polarization 
conversion ability.  
After the discussion of the design and working principles, Chapter 4 deals with 
the fabrication details of the EO-RPR and segmented SVR. Additionally, the materials 
used and their properties will be introduced.  
Chapter 5 will cover the performance evaluation of the EO-RPR and segmented 
SVR.  Experimental details to generate radially polarized light using the EO-RPR and 
segmented SVR can be found here. 
The final chapter, Chapter 6, summarizes the achievements of this thesis work. 
Suggestions for future work to improve the proposed schemes will be given. 
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Chapter 2 
Cylindrical vector beam generation 
 
 
Techniques for generating cylindrical vector beams (CVBs) are wide-ranging and a 
brief introduction of the different schemes will be presented in this chapter. Interested 
readers can refer to the appropriate references for more details on the techniques 
discussed. These techniques can be broadly classified under intra-cavity or extra-cavity 
techniques, depending on whether the CVB is generated inside or outside a laser 
resonator. The pros and cons of the different generation techniques will be discussed, 
leading to the motivation of this thesis work. 
 
2.1 Intra-cavity methods 
One of the first intra-cavity methods for generating CVB was proposed by Mushiake et 
al. in 1972 [23]. A conical mode selector, which is essentially a conical glass substrate 
coated with a dielectric thin film on the conical surface, was used as one part of a laser 
resonator (See Figure 2.1). Due to its oblique surface, the transmittance of incident s-
polarized and p-polarized light is different. In [23], the transmission of the dielectric 
thin film for radially polarized component within the resonator is about 92.4% while 
that for azimuthally polarized component is about 68.4%. Hence, the azimuthally 
polarized component is partially filtered off and the output yields a predominantly 
radially polarized mode. More often than not, intra-cavity schemes involve some forms 
of mode filtering or polarization selection such as the one described above and in 
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fewer cases, polarization conversion. Examples of such schemes will be presented in 
the following paragraphs. 
 
 
Fig. 2.1: The conical mode selector used in a laser resonator [23]. 
 
 
Fig. 2.2: A corrugated mirror used for mode filtering [24]. 
 
For intra-cavity methods, mode filtering or polarization selection is typically 
achieved by using polarization selective elements inside the laser resonator. An 
example of such an element is a corrugated mirror with sub-wavelength diffraction 
gratings as shown in Figure 2.2. Usually, metallic gratings or dielectric gratings with 
large refractive indices are used. Due to the sub-wavelength period of the gratings, 
only the zeroth transmitted and reflected diffraction orders are allowed to propagate 
and the reflectance of the s-polarized (parallel to gratings) mode and the p-polarized 
(perpendicular to gratings) mode can be controlled by varying the period, depth and 
20 μm 
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ridge-to-period ratio of the gratings [25]. These mirrors are designed such that the 
reflection of either the s- or p-polarized mode is high. In this way, the polarization state 
of interest will be amplified. These corrugated mirrors are usually fabricated using wet 
or dry etching methods. Depending on the wavelength of interest, the period of the 
gratings is generally in the micro- or nano- meter range, which is on the order of the 
wavelength of interest. The aim of these studies is usually to build high power lasers. 
For example, radially polarized high power CO2 lasers with powers in the kilowatt 
range were achieved using corrugated mirrors in [26, 27]. Good polarization purity is 
also possible and values in the range of 90% have been achieved in [24, 28]. 
 
 
Fig. 2.3: Discontinuous phase elements (DPEs) used to generate radially and 
azimuthally polarized light [29]. 
 
In another intra-cavity scheme, Oron et al. made use of the fact that a radially 
or azimuthally polarized light is a coherent summation of TEM10 and TEM01 modes 
with linear orthogonal polarization. Pure radial or azimuthal polarization was 
generated by selecting orthogonally polarized TEM10 and TEM01 modes that exist 
inside a laser resonator and coherently summing them together [29]. Polarization 
selection was achieved through the use of two specially designed phase elements 
called discontinuous phase elements (DPEs) which are fabricated using reactive ion 
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etching of fused silica. The experimental setup is illustrated in Figure 2.3. The light 
inside the resonator was first split into two paths by a birefringent beam displacer and 
then each light path was made to pass through the combined DPE before being 
reflected by the back mirror. The combined DPE consists of two DPEs oriented such 
that two orthogonally polarized TEM10 and TEM01 modes are selected. By inserting an 
alignment plate into one of the light paths, an appropriate phase difference is 
introduced between the two modes before they are summed coherently to obtain 
radially or azimuthally polarized light. This scheme was demonstrated successfully 
inside a Nd:YAG laser, attaining a polarization purity of 95%. 
Besides the conical mode selector mentioned at the beginning of this section, 
other intra-cavity schemes involving conical prisms of various designs has been 
specially tailored to take advantage of the Brewster effect to generate radially 
polarized light. Recent examples of such prisms are shown in Figure 2.4. The conical 
Brewster prism used in [30] can be seen as an improved version of the one proposed in 
[23]. Similar to the scheme in [23], the convex surface of the prism used in [30] was 
also coated with multiple dielectric layers (SiO2 and Ta2O5) for filtering unwanted 
polarization states. Unlike the scheme in [23] though, selectivity is further improved 
by having an apex with an angle equal to the Brewster angle; another concave prism 
compensates for refraction caused by the convex prism. The other example illustrated 
is a dual conical prism (DCP), which was employed in a ytterbium (Yb) fiber laser to 
generate radially polarized light [31]. It serves to extract the radially polarized mode 
present in a multi-mode fiber. The DCP was fabricated using fused silica such that it 
has a symmetrical dual convex structure and two apexes with the same angle of 69.2°. 
Due to its design, an incident collimated beam transmitted through the DCP will 
emerge as a hollow collimated beam and the radially polarized mode is the only one 
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that will experience low reflection loss. Thus, the radially polarized light gets 
amplified within the laser resonator and emerges as the dominant polarization.  
 
 
Fig. 2.4: (a) The conical Brewster prism [30] and (b) the dual conical prism [31]. 
 
 
Fig. 2.5: A c-cut Nd:YVO4 used to generate radially polarized light inside a laser 
cavity [32]. 
 
Another working principle behind several intra-cavity schemes is that for a 
converging or diverging beam propagating along the optic axis of a birefringent 
medium, each of the ordinary and extra-ordinary rays has a different refractive index, 
causing them to take different paths [32-34]. By proper design of the laser cavity like 
the one shown in Figure 2.5, the undesired polarization is made to experience high loss 
and the desired polarization is obtained at the output. This method has been employed 
in ruby, Nd:YAG and Nd:YVO4 lasers. Good beam quality with an M
2
 value of 2 has 
been reported in [34]. 
(a) (b) 
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All the previously mentioned intra-cavity schemes employ specially designed 
elements inside the laser cavity to filter away the unwanted modes or select the mode 
of interest to generate CVBs. In the following scheme however, mirrors arranged in a 
certain configuration were used to convert incident linearly polarized light into radially 
polarized light. Armstrong et al. proposed the four mirror image rotating optical cavity, 
as shown in Figure 2.6 [35]. L1 is longer than L2 by a factor of 2  and likewise for L3 
and L4. Mirrors M1 and M2 are arranged such that their planes of reflection are 
orthogonal. When an input beam is deliberately introduced with its center slightly 
offset from the cavity‟s unique optical axis, this particular arrangement of the mirrors 
cause the beam to rotate 90° about the cavity‟s optical axis on each round trip of the 
cavity. Thus, after four round trips, the incident beam is rotated back to its original 
position and the emerging beam now consists of four beams with their centers slightly 
offset from one another. Then the orthogonal planes of reflection at mirrors M1 and M2 
cause the linear polarization of the input beam to also rotate by 90° on each round trip. 
As a result, if the input beam is s- or p-polarized and the mirrors used have equal 
reflectance for these polarizations, the emerging beam will be radially polarized. 
 
 
Fig. 2.6: The four-mirror image rotating optical cavity [35]. 
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2.2 Extra-cavity methods 
The working principles behind some intra-cavity schemes described in the previous 
section are also being utilized in extra-cavity schemes. An example includes the 
coherent summation of TEM10 and TEM01 modes with orthogonal linear polarizations 
described in [29]. Both Tidwell et al. and Passily et al. used interferometric methods to 
combine two orthogonally polarized beams to generate CVBs [36, 37]. Besides the 
coherent summation of TEM01 and TEM10 modes with orthogonal linear polarizations, 
Tidwell et al. demonstrated the combination of right- and left-handed circularly 
polarized light to generate radially polarized light in their scheme. In such schemes, 
control of the phases of the beams is usually crucial for successful CVB generation. 
Similar to those used in the intra-cavity methods, specially designed sub-
wavelength gratings can also be used for extra-cavity generation of CVBs. However, 
unlike their intra-cavity counterparts, which usually work on the principle of mode 
filtering or polarization selection, sub-wavelength gratings employed in extra-cavity 
schemes exhibit form birefringence and act as uniaxial birefringent materials [38]. 
Light polarized in the direction parallel and perpendicular to the gratings experiences 
different refractive indices. As a result, the gratings are capable of changing the 
polarization of an incident light and generation of CVBs becomes possible with proper 
design of the orientation of the gratings. Figure 2.7 shows two examples of such 
gratings. Using photolithography and etching methods, Bomzon et al. fabricated 
space-variant sub-wavelength gratings with the geometry shown in Figure 2.7(a) on 
gallium arsenide [39]. Such a design is able to generate radially or azimuthally 
polarized light when the incident light is right- or left-handed circularly polarized, 
respectively. Experimentally, the wavelength of the incident light used is 10.6 μm, 
yielding a transmission of 86% and a polarization purity of 99.2%. In [40], Mehta et al. 
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sought to improve on the transmission through such gratings by reducing reflection 
loss through the use of materials with lower refractive indices such as SiO2 and 
SiO/SiN. They used a technique called autocloning to create a structure with 
alternating layers of SiO2 and SiO/SiN thin films on a form birefringent grating as 
shown in Figure 2.7(b). This structure was named spatially polarizing autocloned 
element (SPACE) and it is able to convert an incident linearly polarized light into an 




Fig. 2.7: (a) The space-variant sub-wavelength gratings used by Bomzon et al. [39] 
and (b) the spatially polarizing autocloned elements (SPACE) [40]. 
 
In addition to sub-wavelength gratings, birefringent crystals are also used in 
both extra- and intra-cavity generation methods. However, the manners in which they 
are used are different. For extra-cavity methods, they are used as polarization 
converters. Through some novel designs, they have been demonstrated to generate 
CVBs. One such design involved piecing together half-wave plates, each with a 
different slow axis orientation [41, 42]. As an example, the 8-sector spatially varying 
retarder is shown in Figure 2.8(a). Transformation efficiency of ~89% and polarization 
purities of 96-98% have been reported in [41]. In another design called the spirally 
 
(a) (b) 
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varying retarder (SVR), the surface of y-cut crystalline quartz was shaped such that it 
had a spiral profile [22] as shown in Figure 2.8(b). The spiral profile was created using 
the technique of LIBWE as described in [43]. This SVR was used together with two 




Fig. 2.8: (a) The 8-sector spatially varying retarder [41] and (b) the spirally 
varying retarder [22]. 
 
Since liquid crystals are able to rotate the polarization of light depending on 
their orientation and the polarization state of the incident light, they are ideal for space-
variant polarization conversions. Thus, CVB generation is possible by designing the 
spatial arrangement of the liquid crystals. Examples of such liquid crystal devices for 
generating CVBs are shown in Figure 2.9. In [44], the quartz substrates used to contain 
the liquid crystals were coated with a thin polyvinylalcohol layer. Then one of the 
(b) 
(a) 
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substrates was rubbed in the x-direction and the other in concentric circles. In this way, 
the orientation of the liquid crystals follows the rubbing directions as shown in Figure 
2.9(a) and an incident light with vertical polarization emerges polarized in the radial 
directions.  In [45], another method was adopted to align the liquid crystals. A mixture 
containing liquid crystals and ultra-violet curable monomer was subjected to a high 
radial electric field. Under the influence of the radial electric field, the liquid crystals 
in the mixture orientates in the radial directions. The mixture is then cured to fix the 




Fig. 2.9: Liquid crystal based optical devices for generating radially polarized 
light (a) [44] (b) [45]. 
 
 All the extra-cavity methods introduced thus far employ specially designed 
optical components for transforming the polarization of an incident beam into that of a 
CVB. For the following two methods though, polarization selection is the main 
working principle instead and they are achieved through the employment of polarizers. 
Shoham et al. used the experimental setup shown in Figure 2.10 to generate 
radially or azimuthally polarized light. The CVB generated depends on the direction of 
the transmission axis of the sheet polarizer used [46]. When the transmission axis of 
(a) (b) 
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the polarizer is parallel to the cylinder axis, the emergent light is radially polarized and 
when the transmission axis of the polarizer is normal to the cylinder axis, the emergent 
light is azimuthally polarized. 
 
 
Fig. 2.10: Conical reflectors and polarizer used to generate CVBs [46]. 
 
In the next polarization selection based method, Moh et al. passed circularly 
polarized light through a radial or azimuthal polarizer to obtain radially or azimuthally 
polarized light [47]. To correct the phase of the emerging beams, a spiral phase plate 
was used. The schematic drawing of the setup is shown in Figure 2.11. 
 
 
Fig. 2.11: Usage of radial or azimuthal polarizer and spiral phase plate to 
generate CVBs [47]. 
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2.3 Discussion and motivation 
From the previous sections, we have introduced some CVB generation techniques. 
Clearly, each has its own pros and cons when compared to other techniques. In some 
schemes, the optics used are easier to be fabricated and might only involve slight or 
even no modification to commercially available optics. Optics used in [32] and [35] 
are such examples. Others such as those used in [24, 39, 40] contain nano-sized 
features which will involve more complicated processes like etching and deposition of 
thin films.  
Besides evaluating generation techniques based on the ease of optics 
fabrication, the requirement of applications that utilize CVBs is another important 
consideration in determining the practical usefulness of the generation techniques. In 
applications such as laser processing of metals and in laser resonators where high 
power lasers are used, generation methods using liquid crystal based optics are usually 
not feasible due to power handling issues. To alleviate this problem, birefringent 
crystal based techniques can be employed, provided the crystals have good 
transmission at the wavelength of interest. Then again when polarization purity of the 
generated beam is of concern, the liquid crystal optics should give better results as the 
polarization transformation achieved has a spatially continuous nature compared to the 
spatially discrete nature of the birefringent optic used in [41]. The wavelength of light 
used is typically another important consideration in many applications. The CVB 
generation methods which make use of nano-sized gratings are by and large designed 
to work at infra-red wavelengths. At shorter wavelengths, this will prove a challenge 
due to the more stringent fabrication requirement. In contrast, the technique employed 
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in [46] can be used at any wavelength of interest but the use of polarizers implies that 
transformation efficiency is capped at 50%. 
In summary, the practical usefulness of the generation methods depends mainly 
on the requirements of the application involved. In view of the fact that many different 
potential applications employ CVBs (See Chapter 1), it is only natural that there are 
many different requirements for CVB generation. In some applications, only certain 
methods are feasible and this can sometimes mean choosing the methods using optics 
with more complicated fabrication. This is a dilemma that is unavoidable. Hence, there 
is a continual need for improvement of current CVB generation methods or the 
invention of new CVB generation methods to meet the myriad requirements of 
applications past, present and future. With these two points in mind, the objectives of 
this thesis work are focused on the following:  
1. Development of a new CVB generation method based on the EO-RPR which is 
an extra-cavity and polarization conversion optic. 
2. Improvement of a current CVB generation optic, the SVR, by adopting a 
different fabrication process (dry etching) to improve its surface roughness and 
thus the quality of CVB generation.  
More details on the above mentioned work will be provided in subsequent chapters. 
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Chapter 3 
Principles of EO-RPR and segmented SVR 
 
 
In this chapter, the designs and working principles of two custom designed 
polarization optics will be introduced. One of them is the EO-RPR and the other the 
segmented SVR. Before covering their working principles, the chapter will first 




In some media, their dielectric permittivities are not homogeneous spatially and this 
anisotropy results in a medium with spatially varying refractive index. If the 
anisotropic medium has only one axis of anisotropy or optic axis, it is known as a 
uniaxial birefringent medium. When light passes through a uniaxial birefringent 
medium, it may experience two different refractive indices depending on its 
propagating direction with respect to the optic axis and its polarization state. Due to the 
existence of these two different refractive indices within the medium, the incident light 
may split into two rays called the extra-ordinary ray and the ordinary ray. This 
difference in refractive indices experienced by a light beam when it passes through an 
anisotropic medium is called birefringence.  
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Birefringence can be observed in crystals and one classic example is calcite, 
which is the first birefringent crystal where the splitting of incident light was observed. 
Since then, it was established that crystals with hexagonal, tetragonal and trigonal 
crystal structures are all uniaxial birefringent media [48]. For any uniaxial birefringent 
medium, it has a characteristic index ellipsoid as shown in Figure 3.1. On the ellipsoid, 
ne and no are the two characteristic refractive indices affecting the propagating speeds 
of the extra-ordinary and ordinary rays, respectively. no is a constant value while the 
value of ne is dependent on the direction of light propagation with respect to the optic 
axis, denoted by the angle Θ. 
 
 
Fig. 3.1:  The index ellipsoid. 
 
Using Figure 3.1, the variation of ne with Θ will be explained. Firstly, 
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the ellipsoid and at the same time perpendicular to the direction of light propagation. 
Next, identify the plane containing both the propagating light and the optic axis. This 
plane bisects the elliptical plane identified previously and the resulting bisector line 
intersects ne(Θ) on the index ellipsoid. Hence, it is not difficult to deduce that when 
light is propagating along the optic axis of a uniaxial birefringent medium, ne(0°) = no 
and when light is propagating perpendicular to the optic axis, ne(90°) = ne. These two 
cases give the two extreme values of ne(Θ). In fact, ne(Θ) is defined as shown in 













Then notice that the y-axis, the propagating light, and the optic axis all lie in the same 
plane. Intuitively, the x-axis is drawn perpendicular to the y-axis and the intersecting 
point with the index ellipsoid gives no. Consequently, the value of no remains constant 
regardless of the direction of light propagation as the x-axis always lies in the plane 
perpendicular to the optic axis (or axis of anisotropy).  
Recall from Chapter 1 that polarized light can be represented by two 
orthogonal linear polarizations (or electric field components), so the one which is 
polarized parallel to the bisector (or the extra-ordinary ray) will be affected by ne(Θ), 
and the other polarized parallel to the x-axis (or the ordinary ray) will be affected by no. 
The resulting difference between ne and no gives the birefringence of the medium as 
shown in Equation 3.2: 
 
 .e on n n    (3.2) 
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Although ne is drawn to have a larger value than no in Figure 3.1, there are 
some uniaxial birefringent media whereby ne is smaller than no, resulting in an index 
ellipsoid which appears like a pancake. Therefore, for such a medium, ne will be 
smaller than no and the medium is said to exhibit negative birefringence. Conversely, 
when ne is larger than no, the medium is said to exhibit positive birefringence. For 
either case, as long as the direction of light propagation is not along the optic axis, the 
propagating speeds of the extra-ordinary and ordinary rays through the medium are 
different. Consequently, a phase difference   is introduced between them as defined 








   (3.3) 
 
where L is the path length taken by the light inside the medium and λ the wavelength 
of the incident light. The difference in propagation speeds also gives rise to the notion 
of slow and fast axes for a uniaxial birefrigent medium. Depending on whether ne(Θ) is 
larger or smaller than no, the elliptical plane bisector is labeled as the slow or fast axis, 
respectively. Likewise, the x-axis is then labeled as the fast or slow axis, respectively. 
Besides being intrinsic to some crystals, birefringence can also be induced in 
some isotropic and non-magnetic materials by subjecting them to an external electric 
field which alters their optical properties. One example is the electro-optic (EO) effect. 
There are two commonly known EO effects. The first is the Pockels effect whereby the 
induced birefringence has a linear dependence on the applied electric field and the 
second is the Kerr effect whereby the induced birefringence has a quadratic 
dependence on the applied electric field. In this thesis, the Kerr effect will be 
employed and the electrically induced birefringence is given by Equation 3.4 [48]:  






n n KE    (3.4) 
 
where n is the refractive index of the material before application of an external electric 
field, K the Kerr coefficient and E the magnitude of the applied E-field. One class of 
materials that exhibits EO effects is transparent EO ceramics and an example is 
lanthanum-substituted lead zirconate titanate (PLZT).  
 
3.1.2 The Poincaré sphere 
 
Fig. 3.2:  The Poincaré sphere. 
 
The Poincaré sphere, as shown in Figure 3.2, has a radius of unity (or a radius 
proportional to the intensity of the beam) and is a very useful geometrical tool for 
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Poincaré sphere represent all possible polarization states. Any point, P, on the surface 
of the sphere represents a single polarization state and it can be located by its longitude 
(2α) and latitude (2ε), where –π ≤ 2α ≤ π and –π/2 ≤ 2ε ≤ π/2. The values α and ε 
correspond to the azimuth and ellipticity of the polarization ellipse at point P.  
Points along the equator correspond to linear polarization states. The points X, 
X’, Y and Y’ represent horizontal, vertical, 45° and –45° linear polarizations, 
respectively. For the points at the North Pole and the South Pole, they represent left-
handed circular and right-handed circular polarizations, respectively. For the remaining 
points on the sphere, they correspond to the elliptical states of polarization. Note that at 
any latitude, the polarization states have the same ellipticity and their azimuths are 
different. In contrast, at any longitude, the polarization states have the same azimuth 
and their ellipticities are different. Another property of the Poincaré sphere to note is 
that at any diametric points, such as X and X’ or Y and Y’, they correspond to 
orthogonal states of polarization.  
The Poincaré sphere is an extremely useful tool for tracing polarization 
conversions through any birefringent optics without the need to do any rigorous 
mathematical calculations. For an incident state of polarization, its conversion through 
a birefringent optic can be simply traced on the Poincaré sphere as an anti-clockwise 
rotation about the fast axis of the optic [1]. The amount of rotation required is merely 
given by the optic‟s retardation angle (also the phase difference between the 
orthogonal components of the electric field vector after passing through the optic) 
which is proportional to the path length of light through the optic. Then the rotation 
axis is represented on the Poincaré sphere by the arrow pointing from the direction of 
the fast axis to the origin. Figure 3.3 shows the polarization conversion for left-handed 
circularly polarized light incident on a quarter-wave plate with a horizontal fast axis. 
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The retardation angle for a quarter-wave plate is 90°, so the polarization conversion is 
traced on the Poincaré sphere by the red arrow from left-handed circular to –45° linear 
polarization. If the quarter-wave plate is rotated such that its fast axis is now vertical, 




Fig. 3.3: Using the Poincaré sphere to trace polarization conversions. 
 
3.1.3 Pancharatnam’s phase 
In 1956, S. Pancharatnam made a remarkable discovery concerning the phase 
difference between two light beams with different states of polarization. His findings 
were reported in a proceeding reprinted in [50]. Using the Poincaré sphere as shown in 





–45° linear 45° linear 
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light beams and their polarization converted to states A and B, respectively, the phase 






AB     (3.5) 
 
where Ω is the area of the triangle C’BA (shaded red) colunar to CBA. He also 
assigned the sign of Ω as positive when the sequence of points C’BA is described in an 
anti-clockwise sense on the surface of the sphere and vice versa. Note that the phase 
advance of B over A (δBA) is then equal to the right hand side of Equation 3.5 
multiplied by a negative sign.  
 
 








Surface area, Ω 
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3.1.4 Jones Calculus 
The Jones calculus is a matrix approach invented by R. C. Jones for solving 
polarization-related problems. Referring to Equation 1.1, one can rearrange the x and y 




















   
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V  (3.6) 
 
This column vector is called the Jones vector, V, and it can be used to represent any 
state of polarization. The term  exp xi  can be omitted since it does not affect the 
state of polarization which is dependent on the phase difference,  , and amplitudes of 
the x and y components.  
Usually, it is convenient to work with normalized Jones vectors as the 
multiplication of the Jones vector by any complex constant does not modify the state 
of polarization. Table 3.1 shows the normalized Jones vector for some common 
polarization states which can be derived from Equation 3.6 by substituting in the 
appropriate phase differences and amplitudes followed by normalization of the vector 
[1]. Besides representing all possible polarization states using Jones vectors, Jones 
calculus describes any optical system by a 2 × 2 matrix known as the Jones matrix 
which will be denoted as M hereafter. In cases where the optical system consists of 
several components such as the one shown in Figure 3.5, the Jones matrix can be 
found simply by multiplying the matrices of the individual components. Furthermore, 
the emergent polarization state from any optical system is determined through the 
multiplication of the incident Jones vector by the Jones matrix of the system. In 
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summary, any polarization conversion problem can be easily solved through the use of 
column vectors and matrix multiplication. 
 
Table 3.1: Normalized Jones vectors of various polarization states. 
 












































Fig. 3.5:  Determination of the Jones matrix of a complex optical system and the 
emergent Jones vector. 




Optical system with 3 components 
Jones matrix, M, of optical system:    M = MC × MB × MA 
Emergent polarization state:    Vout = M × Vin 
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The Jones matrices of some commonly used polarization optics are given in 
Table 3.2. These matrices are only valid when the optic‟s transmission axis or fast axis 
is in the horizontal direction. Whenever the optic is rotated as illustrated in Figure 3.6 
(note the adoption of a left-handed 3D Cartesian coordinate system), the direction of 
its fast or transmission axis changes and its Jones matrix undergoes rotation 
transformation as described by Equation 3.7: 
 
      
cos sin
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where R(θ) is the rotation matrix and θ the angle from the positive x-axis, anti-
clockwise being positive. As an example, let‟s consider an ideal polarizer with its 
transmission axis rotated by θ from the positive x-axis. After rotation transformation, 












Table 3.2: Jones matrices of commonly used polarization optics. 
 
Optic Jones matrix, M 
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Half-wave plate with 















Fig. 3.6: Rotated optic in a left-handed Cartesian coordinate system. 
 
3.1.5 Fraunhofer diffraction integral 
 
Fig. 3.7: Typical beam propagation scenario and geometry. 
 
The Fraunhofer diffraction integral is an approximation to the more general Huygens-
Fresnel diffraction integral, thus allowing simpler mathematical calculations to be 






( , , )E x y z





shape may evolve. 
Jones matrix of rotated optic is 
modified by rotation transformation 
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z: Direction of light propagation 
θ 
Transmission/fast axis 
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propagation problem (Note the usage of a right-handed 3D Cartesian coordinate 
system here). The x0-y0 plane, perpendicular to the direction of light beam propagation, 
is the input plane at which a light beam, E(x0, y0, 0), starts propagating. The x-y plane 
is the image plane after a propagation distance z, through which the input light beam 
has undergone diffraction giving E(x, y, z). 
Depending on how far the propagation distance z is, the intensity profile of the 
propagating light beam may evolve or remain unchanged. At distances far enough 
from the x0-y0 plane or the far-field, the beam shape has stabilized and far-field 
diffraction (also known as Fraunhofer diffraction) is said to take place. Note that the 
far-field diffraction pattern of a propagating light beam may also be observed in the 
focal plane of a well-corrected lens and this has been adopted experimentally to 
observe the far-field intensity profiles. Mathematically, the Fraunhofer diffraction 
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Since the transverse intensity profile of the propagating light beam is of interest, the 
exp[ikz] term in the diffraction integrals can be omitted during calculations [52].  
By closer examination of the Fraunhofer diffraction integral (exp[ikz] omitted), 
it is essentially a Fourier transform of 0 0( , ,0)E x y . Thus, it can be solved by a single 
Fourier transform of 0 0( , ,0),E x y followed by the multiplication of the quadratic phase 
term  2 2
1







 as shown in Equation 3.9: 
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After obtaining ( , , )E x y z , the final step to obtain the intensity profile of the 





Intensity ( , , ) .E x y z  (3.10) 
 
3.2 Design and working principles of the EO-RPR 
 
Fig. 3.8: Design of the EO-RPR. 
 
Figure 3.8 shows the schematic drawing of the design for the EO-RPR. The basic setup 
consists of an EO ceramic exhibiting the Kerr effect and a pair of co-axial electrodes. 
The main objective of using the EO ceramic is to exploit its switching ability and its 
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flexibility of fast axis direction which is dependent on the direction of the applied 
electric field. According to [53], a polycrystalline EO ceramic is optically isotropic in 
the absence of an electric field. But when an electric field is applied, it becomes 
anisotropic with the refractive index in the direction of the electric field lower than that 
perpendicular to the field. Since the EO-RPR has a pair of co-axial electrodes, the 
applied electric field is always in the radial direction when a voltage is applied 
between the electrodes. As a result, this design gives rise to a retarder with radial fast 
axes and hence the name electro-optic radial polarization retarder.  
Using Equation 3.4, the induced phase difference after passing through the EO-





















From the derived equation, it is obvious that the phase retardation is controllable by 
adjusting the magnitude of the electric field (varying applied voltage). This is also 
where the EO-RPR is unique as compared to other CVB generation schemes. It 
enables the switching of CVB generation. Now, if the applied electric field is adjusted 
such that the resulting phase difference is π/2, the EO-RPR then functions as a quarter-
wave plate with radial fast axes. In this configuration, the EO-RPR possesses the 
ability to generate CVBs. Besides configuring the EO-RPR as a quarter-wave plate 
with radial fast axes, the other pre-requisites for the generation of CVBs include a 
circularly polarized incident light and the alignment of the propagating axis of the 
incident light beam to the center of the EO-RPR. 




Fig. 3.9: (a) Emergent polarization states and (b) geometric tracing for an 
incident left-handed circularly polarized light. 
 
To help explain how the EO-RPR can generate CVBs under such conditions, 
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geometrically. As mentioned previously, the EO-RPR has been configured as a 
quarter-wave plate by electrically inducing a phase retardation of π/2. Thus, the 
rotation angle that is required to be traced out on the Poincaré sphere is / 2.   Since 
the EO-RPR has radially-directed fast axes, geometric tracing is required for each 
angular position to determine the emergent polarization state of light after passing 
through the EO-RPR. Figure 3.9(a) illustrates the emergent polarization state L and 
polarization state R for an incident left-handed and right-handed circularly polarized 
light, respectively.  
To verify the stated emergent polarization states, let‟s first define the x-y 
coordinate system as shown. The origin of the x-y coordinate system coincides with the 
centers of the incident light beam and the EO-RPR while looking in the direction of 
beam propagation, the angle θ represents the angular positions on the EO-RPR and the 
incident light beam. The value of θ is taken as positive going in the anti-clockwise 
direction from the positive x-axis and negative when going clockwise. Now, let‟s 
consider the case of an incident left-handed circularly polarized light beam as shown in 
Figure 3.9(b). Only the angular positions of 0°, 45°, 90°, 135°, 180°, 215°, 270° and 
315° are considered. At θ = 0° and 180°, the fast axis of the EO-RPR is horizontal, 
hence the polarization conversion is traced by the dotted arrow (1) (90° anti-clockwise 
rotation about positive s1 axis). At θ = 45° and 215°, the fast axis of the EO-RPR is at 
45°, hence the polarization conversion is traced by the dotted arrow (2) (90° anti-
clockwise rotation about positive s2 axis). On this basis, the dotted arrow (3) 
corresponds to polarization conversions at θ = 90° and 270° and the dotted arrow (4) 
corresponds to polarization conversions at θ = 135° and 315°. As a result, the emergent 
polarization state for an incident left-handed circularly polarized light is polarization 
state L. 
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If the incident light is changed to right-handed circularly polarized, the same 
analysis of geometric tracing can be repeated and it will not be difficult to deduce that 
the emergent light beam will be in polarization state R. In summary, the emergent light 
has space-variant polarizations that are linear at any angular position . Then at each , 
the azimuth of the linear polarization is  + 45° or  - 45° for incident right-handed or 
left-handed circularly polarized light, respectively. This is due to the EO-RPR having a 
radially-directed fast axis that varies continuously with θ. In other words, the 
generation of pure CVBs is possible. 
As the polarization conversion through the EO-RPR is space-variant, the phase 
of the emergent beam will be modified by Pancharatnam‟s phase [54]. The value of the 
phase can be deduced from the Poincaré sphere and for illustration purposes, one can 
refer to Figure 3.9. Recall that when a left-handed circularly polarized light is incident 
on the EO-RPR, point A corresponds to the emergent linear polarization at angular 
position θ = 0°, which will be taken as the reference position, and point B corresponds 
to the emergent linear polarization at angular position θ = 45°. It can be easily deduced 
that the surface area Ω of the colunar triangle C’BA is π/2 since the total surface area 
of a unit sphere is 4π. Then the sign assigned to this area is positive since the triangle 
C’BA is described in an anti-clockwise sense on the surface of the Poincaré sphere. 
Hence, the phase advance of B over A, δBA, is –3π/4. In general, for an incident left-
handed circularly polarized light and any arbitrary point B, the surface area Ω is given 
by 2θ exactly since the triangle bounded by C’BA is described in an anti-clockwise 
manner on the surface of the sphere. On the other hand, for an incident right-handed 
circularly polarized light, the surface area Ω is given by –2θ exactly as the triangle 
bounded by C’BA is now described in a clockwise manner on the surface of the sphere. 
Consequently, the Pancharatnam‟s phase for left-handed and right-handed circularly 
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polarized light at various θ are 
BA      and BA     , respectively. In other 
words, the emergent polarization state L has a spiral phase front –exp(iθ) and the 
emergent polarization state R has a spiral phase front –exp(–iθ). This spiral phase front 
affects the final beam profile. Thus, it has to be removed and this can be achieved 
using a suitable spiral phase plate (SPP). 
From the emergent polarization states L or R, radially or azimuthally polarized 
light can then be generated using either a quartz rotator or a pair of half-wave plates. 
For the  half-wave plates, the amount of linear polarization rotation is given by twice 
the angle of the fast axis of the second half-wave plate relative to the first [21]. In other 
words, any generalized CVBs of interest can also be generated through their usage.  
 
3.2.1 Uniformity of electric field between coaxial electrodes 
 
Fig. 3.10: A pair of coaxial electrodes. 
 
In the design of the EO-RPR, it is assumed that the electric field between the coaxial 
electrodes is uniform. Unfortunately, this is not the case. For a pair of co-axial 
electrodes as illustrated in Figure 3.10, the resultant radial electric field can be 






















where Vab is the voltage applied between the electrodes, a the radius of the inner 
electrode, b the radius from the center of the inner electrode to the inner surface of the 
outer electrode and r the radial distance between the electrodes [55]. Notice that the 
radial electric field is inversely proportional to the radius r and therefore it is not 
uniform. 
Figure 3.11 shows the simulated electric field between a pair of coaxial 
electrodes. The simulation was done using the software EStat 6.0, which is a part of 
the static field analysis toolkit. This toolkit is available online as an educational 
freeware by Field Precision LLC [56]. The parameters used during simulation are a = 
60 μm, b = 2.5 mm, Vab = 520 V and a thickness z of 0.5 mm. These parameters are 
chosen to tally with the actual parameters that will be used later in experiment. From 
the simulation results, it is clear that the electric field distribution along the z direction 
(thickness of the coaxial EO ceramic) is uniform while the radial electric field 
distribution decreases with r. As a result, the induced phase retardation shown in 
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Fig. 3.11: (a) 3D electric field distribution between a pair of coaxial electrodes and 
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From Equation 3.13, it is obvious that the induced phase retardation also 
decreases along the radial directions. This seems to suggest that the proposed EO-RPR 
will fail. However, it will be shown in the following sub-section through numerical 
simulation that this method will still work despite the non-uniformity of the radial 
electric field. This result is also verified experimentally and will be presented later in 
Chapter 5. 
 
3.2.2 Numerical simulation 
To investigate the feasibility of the proposed EO-RPR, numerical simulation was done 
to determine the emergent beam profile in the far-field. The methodology adopted is 
first to find the Jones vector representations of the emergent polarization states and 
then use the obtained Jones vectors in Fraunhofer diffraction integral to simulate the 
far-field intensity profiles. 
In the first step, one needs to analyze the polarization conversion through the 
EO-RPR using Jones calculus. Hence, the EO-RPR‟s Jones matrix representation must 
















. By employing this, the non-uniform phase 
retardation along the radial direction of the EO-RPR can be accounted for with   
given by Equation 3.13. This also represents the Jones matrix of the EO-RPR at the 
angular position θ = 0 and π, so at any other angular position θ, rotation transformation 
is required to obtain the Jones matrix at the position of interest due to the radial fast 
axes of the EO-RPR. In other words, the Jones matrix of the EO-RPR, MEO, is 
equivalent to the rotation transformed Jones matrix of a general phase retarder with 
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horizontal fast axis. Using Equation 3.7, MEO is found to be 
cos sin cos 2 sin sin 2
2 2 2
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. 
After determining the Jones matrix of the EO-RPR, it is now a trivial matter to 
establish the Jones vectors of polarization states emerging from the EO-RPR. Table 3.3 
shows the respective Jones vectors of emergent polarization states for incident left-
handed and right-handed circularly polarized light.  
 
Table 3.3: Jones vectors of emergent polarization states from the EO-RPR for 
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To verify that the obtained Jones vectors are in agreement with the emergent 
polarization states predicted using the Poincaré sphere, 
2

   is first substituted into 
VL and VR, giving
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respectively. Then by substituting the appropriate values for θ and normalizing the 
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vector, the emergent polarization state at the various angular positions can be found. 
Table 3.4 shows the results obtained at these angular positions. Comparing with Figure 
3.9, the obtained results are in full agreement with that established using geometrical 
tracing on the Poincaré sphere.  
 
Table 3.4: Emergent polarization states at various angular positions for incident 
left-handed and right-handed circular polarizations. 
 
Angular position, θ 



















Having determined the Jones vectors of the emergent polarization states, the 
next step is to find their far-field intensity profiles using Fraunhofer diffraction integral. 
Note that for either VL or VR, each consists of an x and a y component. The x 
component, Ex, corresponds to the horizontally or 0° polarized component of the 
emergent light beam while the y-component, Ey, corresponds to the vertically or 90° 
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polarized component of the emergent light beam. Each of these components can then 
be substituted into the input, E(x0, y0, 0), of the Fraunhofer diffraction integral to 
obtain the far-field Ex(x, y, z) and Ey(x, y, z). Then their intensity profiles 
2
( , , )xE x y z  
and 
2
( , , )yE x y z can be calculated. By the principle of superposition, the intensity 
profile of the entire emergent light beam is then given by the addition of these 
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To determine the intensity profiles of the 45° and 135° polarized components, 
their Jones vectors must first be calculated. This is done by multiplying each of the 











, which are the Jones matrices 
of a polarizer rotated by 45° and 135°, respectively. The calculated Jones vectors are 
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shown in Table 3.5. Similar to before, for each Jones vector calculated, its x and y 
components are then used as inputs to the Fraunhofer diffraction integral to obtain the 
required output electric fields. Since the Jones vectors calculated are for either the 45° 
or 135° polarized components of the entire emergent light beams, Equation 3.14 is 
employed to obtain their intensity profiles. 
The Jones calculus employed in this thesis is based on a left-handed coordinate 
system. Conversely, the Fraunhofer diffraction integral presented is defined using a 
right-handed coordinate system. Hence, to eliminate simulation errors, there is a need 
to adopt one of these systems. In this work, the left-handed system is adopted and the 
Fraunhofer diffraction integral defined using the right-handed system is modified 
accordingly. The required modification is simply to reverse the sign of z in Equation 
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With the aforementioned points in mind, it is now possible to simulate the 
intensity profile evolution of emergent light beams during propagation. All numerical 
simulations were done in Mathematica 5.2 and the codes written are provided in 
Appendix A. In all simulation work, the emergent light beams from the EO-RPR are 
assumed to be Gaussian and the central electrode of the EO-RPR is taken to be 
infinitesimally small such that the radial E-field starts or terminates at the exact center 
of the EO-RPR. Note that the simulated intensity profiles are presented looking in the 
direction of light beam propagation as the left-handed system is adopted.  
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Fig. 3.12: Far-field intensity profiles of polarization states L and R. 
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Figure 3.12 (a) and (b) show the simulated far-field intensity profiles of the 
emergent light beams with polarization states L and R, respectively. The topmost 
pictures show the intensity profiles of the entire emergent light beams and moving 
downwards are the intensity profiles of their 0°, 45°, 90° and 135° linearly polarized 
components, respectively. For each of the entire light beams, the intensity profile is 
doughnut-shaped. As for their respective 0°, 45°, 90° and 135° linearly polarized 
components, their intensity profiles consist of two distinct lobes. The angular positions 
of the cylindrically symmetric distinct lobes imply that the emergent polarization states 
are the desired ones. In conclusion, despite the non-uniformity of the radial electric 
field, the EO-RPR is still capable of generating cylindrical vector beams. 
 
3.3 Design and working principles of the segmented SVR 
As mentioned in the preceding chapter, the segmented SVR is a modified version of 
the continuous SVR used to generate CVBs in a previous scheme [22]. The major 
difference between the two is the modification of the continuous-spiral surface profile 
of the latter to a stepped-spiral surface profile. The reason for doing this is due to the 
adoption of a different fabrication process for the segmented SVR. More details on the 
fabrication will be provided in the next chapter. Figure 3.13 shows the 3D schematic 
drawing of a segmented SVR, which is actually a birefringent crystal with the desired 
surface profile. It is made up of 8 segments (SEG 1 to SEG 8) with steps (ST 1 to ST 7) 
going in a downwards spiral fashion. In other words, SEG 1 is the thickest segment of 
the SVR followed by SEG 2, and so on till SEG 8 which is the thinnest segment. 
 




Fig. 3.13: 3D schematic drawing of the segmented SVR. 
 
In general, the segmented SVR can have any number of segments, with steps of 













where NSEG is the total number of segments. LSEG can be derived from Equation 3.3 by 
setting 4 / SEGN  . To understand the reason for this, first consider the working 
principle of the continuous SVR. Its main purpose is to introduce a retardation which 
varies continuously from 0 to 4π, going from the thinnest point to thickest point of the 
spiral profile. Since the stepped spiral surface profile of the segmented SVR is of a 
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increases in discrete steps going from the thinnest segment to the thickest segment. 
Logically, this difference in retardation between segments should be equal and hence 
given by 4 / SEGN  . Thus, for an 8 segment SVR it is equal to π/2. Then the 
deviation in retardation from the continuous case, with respect to NSEG, can be found 
by its second derivative which is given by 8/NSEG
3
. Hence in order to obtain a 
deviation less than 5%, the least NSEG required is 8 which explains the 8 segment SVR 
adopted in this work. With LSEG given by Equation 3.16, the corresponding height 
difference between the thickest and thinnest segments (ST 8 in the case of an 8 
segment SVR) is given by Equation 3.17: 
 
 ( 1).Total SEG SEGL L N    (3.17) 
 
To generate CVBs, the SVR must be sandwiched between a pair of quarter-
wave plates with orthogonal fast axes. For simplicity, let‟s first consider the 
configuration consisting of only a single quarter-wave plate positioned after the SVR 
and assume that the thickness h of SEG 8 (See Figure 3.14) is such that its retardation 
is a multiple of 2π. With this assumption, SEG 8 can then be taken to have a 
retardation of 0 relative to the other segments. Since LSEG is designed such that   is 
equal to π/2 for an 8 segment SVR, the rest of the segments will have phase 
retardations as shown in Figure 3.14(a). Now if a horizontally polarized light is 
incident on the SVR rotated with fast axis at 45° from the horizontal, the polarization 
conversions at the various segments can be traced on the Poincaré sphere as illustrated 
in Figure 3.14(b). Subsequently, radially polarized light can be generated by passing 
the emergent light through a quarter-wave plate with vertical fast axis. If this 
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configuration of SVR and quarter-wave plate is now rotated by 90°, the emergent light 
becomes azimuthally polarized. 
 
 
Fig. 3.14: (a) Difference in phase retardations of the 8 segment SVR and (b) the 
corresponding polarization conversions for a horizontally polarized light incident 
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The examples in the previous paragraph are actually specific cases of a more 
general scenario. In fact, the incident light can be of any linear polarization. As long as 
the SVR is rotated with its fast axis at 45° or –45° from the incident linear polarization 
and the quarter-wave plate‟s fast axis is at 45° from that of the SVR, the emergent light 
will be radially or azimuthally polarized, respectively. In addition, further analysis will 
reveal that for the same incident linear polarization, flipping the SVR about its x or y 
axis will also yield the same radially or azimuthally polarized light as the unflipped 
SVR.  
In the discussion of generating radially or azimuthally polarized light beams 
thus far, the assumption stated must be valid for them to stand. However, in a real 
scenario, the chances of the assumption being true are small. More often than not, the 
thickness h of SEG 8 will not result in a retardation that is a multiple of 2π. In 
consequence, when the SVR is rotated such that its fast axis is at ±45° from the 
incident linear polarization (point Pin), the polarization conversion through SEG 8 will 
be traced on the Poincaré sphere as an incomplete vertical great circle (ending at point 
Pout), such as the ones denoted by the red arrows shown in Figures 3.15 and 3.16. As a 
result, when the quarter-wave plate‟s fast axis is at 45° from that of the SVR, the 
emergent light will be a general CVB instead of a radially or azimuthally polarized 
light as the “starting point” of the polarization conversions through the rest of the 
segments does not lie on the equator of the Poincaré sphere. 
To rotate the general CVB into either radially or azimuthally polarized light, 
one can use a pair of half-wave plates as stated in the discussion on the EO-RPR. 
However, there is an alternative method and this is where a second quarter-wave plate 
proves useful. Unlike the first quarter-wave plate which is placed behind the SVR, the 
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second quarter-wave plate is positioned in front of the SVR and its function will be 
explained using the Poincaré spheres illustrated in Figures 3.15 and 3.16. 
 
 
Fig. 3.15: Using a quarter-wave plate to compensate for under-rotation. 
 
Generally, the polarization conversion, represented by red arrows, at SEG 8 can 
be classified into two scenarios: under-rotation and over-rotation. Let‟s first take a look 
at the under-rotation case as illustrated in Figure 3.15. Under-rotation occurs when the 
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before it traces to the next linear polarization. The red dotted lines illustrated represent 
segments of the vertical great circles left untraced before reaching the equator during 
under-rotation. In each of these cases, the untraced segment can actually be 
compensated first by using a quarter-wave plate rotated with its fast axis at Q1 (or Q2). 
In this way, Pin is converted into the elliptical state E1 (or E2) such that the blue dotted 
line Q1E1 (or Q1E2) is equal in length to the red dotted line. Subsequently, the 
elliptically polarized state E1 (or E2) can be passed through the SVR with its fast axis 
at S1, 45° from Q1 (or S2, 45° from Q2) followed by the quarter-wave plate with its 
fast axis 45° from that of the SVR to generate either radially or azimuthally polarized 
light. For cases (a) and (d) in Figure 3.15, the configuration of Q1S1Q2 generates 
radially polarized light while the configuration of Q2S2Q1 generates azimuthally 
polarized light. Conversely, for cases (b) and (c) in Figure 3.15, the configuration of 
Q1S1Q2 generates azimuthally polarized light while the configuration of Q2S2Q1 
generates radially polarized light. 
The over-rotation case illustrated in Figure 3.16 occurs when the polarization 
conversion (red arrows) at SEG 8 has just been traced past the equator and ending 
before it traces to the next circular polarization. The red arrows in cases (b) and (c) and 
those joined by the points P’ and Pout in cases (a) and (d) represent segments of the 
vertical great circles that have overshot the equator during over-rotation. Similar to the 
under-rotation cases, the overshot segment in each of these over-rotation cases can be 
removed first by using a quarter-wave plate rotated with its fast axis at Q1 (or Q2). Pin 
is converted into the elliptical state E1 (or E2) such that the blue dotted line Q1E1 (or 
Q1E2) is equal in length to the overshot segment. The subsequent passing of the 
elliptically polarized state E1 (or E2) through the SVR with its fast axis at S1, 45° 
from Q1 (or S2, 45° from Q2) followed by the quarter-wave plate with its fast axis 45° 
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from that of the SVR generates either radially or azimuthally polarized light. For cases 
(a) and (d) in Figure 3.16, the configuration of Q1S1Q2 generates azimuthally 
polarized light while the configuration of Q2S2Q1 generates radially polarized light. 
Conversely, for cases (b) and (c) in Figure 3.16, the configuration of Q1S1Q2 
generates radially polarized light while the configuration of Q2S2Q1 generates 
azimuthally polarized light. 
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In summary, from Figures 3.15 and 3.16, it can be concluded that radially or 
azimuthally polarized light can always be generated by using the configuration of 
Q1S1Q2 where Q1 and Q2 are orthogonal and S1‟s fast axis is 45° from that of Q1. 
This can also be achieved simply by rotating the whole configuration in the range of 
±45° from the incident linear polarization. Upon obtaining either radially or 
azimuthally polarized emergent light, the whole configuration can be rotated by 90° 
(becoming Q2S2Q1 in the process) to change to the orthogonal counterpart. These few 
points should prove to be invaluable during experimentation. 
On closer look, the use of the second quarter-wave plate is not confined to 
correcting under- or over-rotation, it also has the effect of ensuring that whatever the 
orientation of the configuration may be, the emergent light will always be a CVB (be it 
radial, azimuthal or general). The reason is that in the configuration with two quarter-
wave plates, the polarization conversion through the SVR is always traced on a great 
circle of the Poincaré sphere, which is not always the case in the configuration with 
only one quarter-wave plate. Hence practically, generating CVB now requires minimal 
effort. As an example, consider the configuration of Q1S1Q2 for case (b) in Figure 
3.15. For simplicity, let‟s take the under-rotation to be 45°, so that the length of the red 
dotted line is equal to 1/8 of the length of a great circle and Pin to be vertically 
polarized. Figure 3.17 shows the different emergent light beams when Q1S1Q2 is 
rotated for this particular case. The blue arrows correspond to the fast axes of the SVR 
and the black arrows correspond to the linear polarization states at different segments 
of the emergent light beams. The angles stated are the directions of Q1‟s fast axis with 
respect to the horizontal axis. From the figure, it is evident that the emergent light will 
always be a CVB. 
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Fig. 3.17: Emergent polarization states when rotating Q1S1Q2 configuration for 
case (b) in Fig. 3.13. 
 
(a) 0° (b) 22.5° 
(c) 45° (d) 67.5° 
(e) 90° (f) 112.5° 
(g) 135° (h) 157.5° 
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Lastly, after passing through the SVR, the emergent light will gain a spiral 
phase front due to its spiral surface profile. This is unlike the previous generation 
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Chapter 4 
Fabrication of EO-RPR and segmented SVR 
 
 
The designs and working principles of the EO-RPR and segmented SVR have been 
presented in Chapter 3. With the „software‟ in place, it is now time to focus on the 
„hardware‟. In this chapter, the practical portion of fabricating the EO-RPR and 
segmented SVR will be detailed. 
 
4.1 Laser micro-processing 
 
Fig. 4.1: Experimental setup for laser micro-processing. 
 
Laser micro-processing is employed during the fabrication processes of both the EO-
RPR and segmented SVR. Figure 4.1 shows the experimental setup used. Basically, it 
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CCD camera for viewing the sample, a desktop for controlling and synchronizing the 
motion stage and laser irradiation, and optics, such as mirrors and lens, for delivery of 
the laser beam to the sample. The usual process flow involves two steps. The first is to 
design the path that the laser is going to trace on the sample and then the actual laser 
process itself, which in our case is either cutting or drilling. 
The first step is accomplished by using the software MasterCam
®
, which is a 
CAD/CAM application from CNC Software Inc. It allows the realization of various 
designs such as those shown in Figure 4.2 and these designs have been used for laser 
micro-processing of materials employed in the fabrication of the EO-RPR and 
segmented SVR. The blue lines shown in the figure correspond to the path that will be 
traced by the laser beam on the sample to be processed. Thus, Figure 4.2(a) is an 
example of a design used for a cutting process while that in Figure 4.2(b) is an 
example of a design used for a drilling process. Besides the laser path, the speed of 
laser tracing is also set in the design program. After completion of the appropriate 
design, it is then converted into a motion stage control program which is loaded into 
the desktop to control the XYZ motion stage.  
Before the actual laser cutting or drilling process, the sample will first be 
placed on the motion stage and with the help of the CCD camera, the laser focus will 
be adjusted to the sample surface by moving the Z stage. Then by moving the X-Y 
stage, the sample will be positioned to a suitable starting point for laser processing to 
commence. Subsequently, the appropriate processing parameters such as laser power 
and pulse repetition rate will be set and the motion stage control program (converted 
from the design files) will be started to initiate the cutting or drilling process. With the 
proper combination of laser path design, laser wavelength and laser processing 
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 design examples. 
(b) 
(a) 
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4.2 Fabrication of the EO-RPR 
4.2.1 Transparent EO ceramic PMN-PT 
As mentioned in the previous chapter, the main component of the EO-RPR is a 
transparent EO ceramic. Conventionally, transparent EO ceramics have been employed 
in various applications, such as variable optical attenuators, polarization controllers, Q-
switches, flash goggles, colour filters and high power ceramic lasers [48, 57, 58]. In 
this thesis, the transparent EO ceramic, lead magnesium niobate-lead titanate or 
Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT), which exhibits the EO Kerr effect, is used as the 
main component of the EO-RPR. The PMN-PT employed, as shown in Figure 4.3, was 
developed recently by Boston Applied Technologies [57]. It has a thickness of 0.5 mm 
and is transparent from 500 to 7000 nm. 
 
 
Fig. 4.3: A PMN-PT sample. 
 
According to [57], PMN-PT belongs to a class of ferroelectric materials called 
relaxor ferroelectrics. This class of materials exhibits minimal hysteresis (desirable in 
any device application) and thus resolves the high hysteresis issue faced by the EO 
3.5 cm 
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ceramic PLZT. Moreover, PMN-PT has a lower field induced optical loss (which 
degrades device performance) than PLZT and at the same time, possesses an EO effect 
about 2 to 5 times larger than that of PLZT and nearly 100 times larger than that of 
lithium niobate (LiNbO3). Hence, PMN-PT requires a lower applied voltage compared 
to both PLZT and LiNbO3 to achieve the same phase retardation. In addition, due to its 
polycrystalline nature, it is polarization independent, removing the need to consider 
crystal orientation which would be essential when using single crystal materials such 
as LiNbO3. The mature hot-pressing technique also makes PMN-PT cheaper and easier 
to be fabricated than single crystalline materials. Furthermore, PMN-PT has a faster 
EO response time in the sub-microsecond region compared to the millisecond response 
of liquid crystals. This is due to the much faster electronic and ionic movements in 
PMN-PT compared to molecular movement in liquid crystals. It has been 
demonstrated in [57] that the switching speed attained for PMN-PT thin film is 10 ns 
while that attained for bulk PMN-PT is less than 100 ns. Hence, PMN-PT was chosen 
as the material for fabricating the EO-RPR to harness its beneficial properties. 
 
4.2.2 Setting up the EO-RPR 
The design of the EO-RPR is shown in Figure 3.8. Practically, the aim is to assemble a 
simple prototype that can be used to prove the working principle of the EO-RPR. To 
achieve this, the main consideration is to obtain a well distributed radial electric field 
across a circular PMN-PT disc. This requirement will depend on the roundness of the 
co-axial electrodes and the positioning of the central electrode with respect to the outer 
electrode. Due to the presence of the central electrode, part of the incident light will be 
blocked and so the diameter of the central electrode should be as small as possible to 
minimize blockage. Besides the electrodes, the manner in which voltage is applied 
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should also be considered to prevent a short circuit and to simplify the application of 
voltage to the small central electrode. Finally, the size of the clear aperture of the EO-
RPR should be big enough for the incident light. With all these considerations in mind, 
the final implementation of the EO-RPR is as shown in Figure 4.4. From the figure, it 
can be seen that the setup basically consists of a PMN-PT disc placed centrally inside a 
circular outer electrode (made of aluminium) and a thin wire (acting as the central 
electrode) slotted centrally through the PMN-PT disc. Crocodile clips were used to 
apply a voltage to the electrodes. 
 
 
Fig. 4.4: Set up of EO-RPR. 
 
The central electrode is actually a thin copper wire with a diameter of ~ 60 μm, 
as shown in Figure 4.5. This way, blockage of incident light should be minimal. The 
choice of a wire as the central electrode also simplifies voltage application as the wire 
can be extended to a separate metal electrode whereby the required voltage can be 
applied. This would have been much more complicated if the central electrode was just 
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a small metal spot on the PMN-PT sample which would then have required some sort 
of probing. To hold the wire in place, two metallic stands with screws were used. The 
wire was wound onto the screws and the stands pulled apart to make sure that the wire 
was taut. To prevent the metallic stands from blocking the incident light, they have to 
be placed off the axis of light propagation but the extended wire to the stands will still 
result in some blockage of the incident light. 
 
 
Fig. 4.5: Microscopic photograph of copper wire. 
 
The main component of the EO-RPR is the circular PMN-PT disc as shown in 
Figure 4.6. The disc has a diameter of 5 mm which is sufficiently large for the laser 
beam to pass through and the black spot at the center of the disc is a through hole 
(diameter of ~ 150 μm) for slotting the copper wire which acts as the central electrode. 
To fabricate such a disc out of the sample shown in Figure 4.3, laser cutting and 
drilling were adopted. Since PMN-PT has a transparency range from 500 to 7000 nm, 
it absorbs light of wavelength 355 nm. Hence, the laser source used to process the 
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sample is a Q-switched, diode-pumped solid state (DPSS) 355 nm Nd:YAG laser. To 
successfully drill or cut through the sample, the laser parameters used are power of 
0.65W and pulse repetition rate of 6 kHz. In addition, the lens employed in the laser 
system has a focal length of 50 mm. Then in the laser processing design done using 
MasterCam
®
, the hole was drilled first before the circular disc is cut out. In this way, 
no re-alignment of the sample was required for drilling and the position of the hole 
could be accurately positioned at the center of the disc, ensuring that the radial electric 
field will be well distributed. 
 
 
Fig. 4.6: A circular PMN-PT disc. 
 
 Figure 4.7 shows the outer electrode used in the setup of EO-RPR. It is 
fabricated by mechanical methods using a 5 mm thick aluminium piece and has a 
through hole with a diameter of 5 mm for placing the PMN-PT disc. With all the 
necessary parts gathered, they were assembled as shown previously in Figure 4.4. To 
generate a radial electric field, electrical isolation between the co-axial electrodes is 
important. Thus, the wire must be positioned at a safe distance from the outer 
5 mm 
Chapter 4: Fabrication of EO-RPR and segmented SVR 
73 
aluminium electrode and the post holders used must be anodized to prevent conduction 
of electricity through the metallic posts. 
 
 
Fig. 4.7: Aluminium outer electrode. 
 
4.3 Fabrication of the segmented SVR 
4.3.1 Birefringent crystal alpha-barium-borate (α-BBO) 
In theory, the segmented SVR can be fabricated using any birefringent crystal. 
However, in practice, the fabrication method employed would usually limit the choice 
of birefringent material. In the present work, the fabrication process adopted is dry 
etching and the main consideration for the selection of birefringent crystal is etching 
time, which is dependent on the etch rate of the crystal and the etched depth required.  
The etched depth is in turn dependent on the linear birefringence of the crystal. After 
initial testing with crystalline quartz, yttrium orthovanadate (YVO4) and alpha-barium 
borate (α-BBO), α-BBO gives a reasonable etching time. 
5 mm 
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α-BBO has a trigonal crystal structure and is a uniaxial and negative 
birefringent crystal with a wide transparency range from ~ 189 nm to 3500 nm. At a 
wavelength of 808 nm, the ordinary and extra-ordinary refractive indices of a y-cut α-
BBO are 1.6637 and 1.5254, respectively. Hence, it has a birefringence of –0.1383. 
Using Equation 3.16, the ideal etched depth for each segment of the 8-segment SVR is 
thus ~ 1.461 μm and from Equation 3.17, the ideal total etched depth is ~ 10.2 μm.  
 
4.3.2 Dry etching of α-BBO 
The process of dry etching is adopted to fabricate the stepped spiral surface profile of 
the SVR as shown in Figure 3.13 on a y-cut α-BBO crystal. The relative thickness of 
the different segments of the SVR determines the relative phase retardation between 
them. It is desirable for each segment to be etched as closely as possible to the desired 
depth. In this work, the α-BBO crystal was etched using an inductively coupled plasma 
of argon gas inside a Plasmalab
®
 System100 etching system from Oxford Instruments. 
Before the actual fabrication of the SVR, a series of tests was done to find out the etch 
rate of α-BBO, which is then used for calculating the etching time required. Table 4.1 
details the standard process settings used during the test etching and Table 4.2 shows 
the etch rates obtained from twelve of such tests. 
 
Table 4.1: Standard process settings used during dry etching 
 
Gas / flow rate Argon at 45 sccm 
RF forward power 100 W 
ICP power 800 W 
Chamber pressure 5 mTorr 
Helium backing 10 Torr 
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Table 4.2: Etch rates of -BBO obtained during test etching. 
 















From the test results, it is clear that the etch rates fluctuate slightly in the tests 
ranging from 0.02057 μm/min to 0.03147 μm/min and have an average value of 
0.02659 μm/min. In the preceding sub-section, the etched depth required for each 
segment is calculated to be 1.461 μm. Thus, the etching time required based on the 
average etch rate of 0.02659 μm/min is approximately 55 minutes. Multiplying this 
timing to the slowest and fastest etch rates obtained gives etch depths of 1.131 μm and 
1.731 μm, respectively. Therefore, the range of possible deviations from the desired 
etch depth are –0.33 μm to 0.27 μm and this equates to a possible phase retardation 
deviation range of –16° to 20° from the desired value.  
Therefore, it can be concluded that even though the difference in etch rates is 
only about 10 nm/min, it cannot be overlooked as the long etching time required will 
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magnify this small difference into a large deviation from the desired etch depth. This 
issue is not helped by the fact that the etching equipment used does not have a real-
time etched depth monitoring system. Since there is no control over the fluctuation of 
etch rate, we sought to achieve better etch depth control through the control of etching 
time and the adoption of a different etching strategy. 
 
 
Fig. 4.8: Rough-fine etching strategy adopted for fabrication of the SVR. 
 
The error in etch depth can be minimized by adopting a rough-fine etching 
process for each segment of the SVR. The process flow is illustrated in Figure 4.8. 
Firstly, etch the -BBO crystal for 46 minutes using the process settings shown in 
Etch for 46 mins 
Etch to desired depth 
Measure etched depth 
and calculate etch rate 
Calculate remaining 
etched depth and 
etching time based on 
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Table 4.1 and then measure the etched depth to calculate the latest etch rate. The 46 
minutes etching time is calculated based on the fastest etch rate obtained previously. 
This is to lower the chances of over-etching occurring. If the desired etched depth has 
been obtained, proceed on to etch the next segment. However, the fastest etch rate 
seldom occurs experimentally, so after the “rough” etching process, a second etching 
process will be required for the remaining etched depth. The etching time for the 
second “fine” etching process is calculated based on the etch rate obtained from the 
“rough” etching process. By adopting this two-step etching process, both the extreme 
cases of etched depth deviations (–0.33 μm and 0.27 μm) are avoided and the obtained 
etched depth deviation can be controlled within the extreme cases. Table 4.3 shows the 
results by adopting the rough-fine etching strategy for a particular fabricated SVR. 
Clearly, etched depth control has markedly improved. 
 
Table 4.3: Deviations from desired etch depth. 
 











After resolving the issue of etched depth control, the next step is to concentrate 
on obtaining the stepped-spiral surface profile of the segmented SVR. For an 8-
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segment SVR, only 7 segments need to be etched because SEG 1 as shown in Figure 
3.13 can retain the original thickness of the unprocessed crystal. To create the desired 
stepped-spiral profile, silicon masks are used to cover portions of the crystal during the 
etching process. These masks are shown in Figure 4.9. They are cut from a silicon 
wafer with thickness of 300 µm using a Q-switched, DPSS 532 nm Nd:YVO4 laser. 
The lens employed in the laser system had a focal length of 50 mm and the laser power 
was 5 W with a pulse repetition rate of 40 kHz.  
 
 
Fig. 4.9: Silicon masks used during fabrication of the 8-segment SVR. 
 
Each of these masks will be used in one of the 7 rough-fine etching processes 
required to fabricate the 8-segment SVR. The desired etched depth for each rough-fine 
etching process is the same as calculated in the previous sub-section and the order in 
which the masks are used will create the desired surface profile. There are two 
possibilities. The first is to use the masks in the order that they are numbered. M1 is 
used to cover SEG1 during the first etching process, M2 is used to cover SEG1 and 
M1 
M2 M3 M4 
M5 M6 M7 
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SEG2 during the second etching process, and so on until the final (seventh) etching 
process where M7 is used to cover SEG1 to SEG7. The second way is to reverse the 
order of mask usage. M7 covers SEG1 to SEG7 during the first etching process, M6 
covers SEG1 to SEG6 during the second etching process, and so on until the final 
(seventh) etching process where M1 covers S1 only. Either way, it can be deduced that 
SEG1 is not etched at all, SEG2 is etched once, SEG3 twice, and so on with SEG8 
being etched 7 times. 
Before each etching process, the appropriate mask is “glued” to the α-BBO 
crystal using silicone high vacuum grease and aligned to the crystal‟s fast axis with the 
help of custom-made mechanical parts. These mechanical mask aligners are shown in 
Figure 4.10. The aligner is made up of two parts, a bottom piece for holding the α-
BBO crystal in place and a top piece for aiding alignment of the mask to the fast axis 
of the α-BBO crystal.  
 
 
Fig. 4.10: Mask aligners. 
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Fig. 4.11: Use of mask aligners. 
 
Figure 4.11 illustrates how the mask aligner is used. The α-BBO crystal 
employed has a small flat notch at one side and is not totally circular. This notch is 
used to identify the direction of the fast axis which in this case is perpendicular to it. 
For the bottom piece of the mask aligner, one side of the crystal clamp is made flat 
while the other side was made circular as shown in Figure 4.11(a). This way, the flat 
(a) 
(b) 
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side can be used to push against the notch of the crystal and ensure that the crystal is 
held in almost the same position every time. To account for the slight variance in size 
between crystals, the bottom piece is designed to consist of two sliding pieces joined 
together by alignment poles. After the crystal is clamped in place, the top piece of the 
mask aligner is slotted into the bottom piece. Notice that there are three rectangular 
alignment poles as indicated by the red arrow in Figure 4.11(a) for aligning the top 
piece to the bottom piece of the mask aligner. The top piece is designed to fit in the 
appropriate mask and to align the mask to the fast axis of the crystal. Finally, the 
silicon mask is slotted into the top piece and “glued” onto the crystal as shown in 
Figure 4.11(b). Once done, the mask aligner can be removed and the crystal transferred 
onto a wafer ready for etching as shown in Figure 4.12. Experimentally, the crystal 




Fig. 4.12: α-BBO crystal ready for etching. 
 




Fig. 4.13: (a) Fabricated 8-segment SVR and (b) its 3D surface profile. 
 
Figure 4.13 shows the actual 8-segment SVR fabricated as described above and 
the 3D characterization of its surface profile at its central region. The stepped-spiral 
(a) 
(b) 
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surface profile can be clearly seen and a total etched depth of ~ 11 m was measured 
experimentally. Also, the surface roughness of the 8-segment SVR was very good. 
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Chapter 5 
Evaluation of EO-RPR and segmented SVR 
 
 
The fabricated EO-RPR and segmented SVR will be used to generate radially 
polarized light and evaluated based on the quality of the CVBs generated. The quality 
of the generated CVBs is characterized by its polarization purity and M
2
 value. 
Experimental details for the respective schemes will be presented. 
 
5.1 Evaluation of EO-RPR 
5.1.1 Determination of Kerr coefficient 
The Kerr coefficient, K, is an important parameter affecting the value of the 
electrically induced birefringence (Equation 3.4). In this work, the value of K for 
PMN-PT was characterized experimentally by using the setup shown in Figure 5.1. A 
frequency doubled DPSS CW laser operating at 532 nm was used as the light source 
and a PMN-PT sample, with parallel electrodes, was placed between a pair of crossed 
polarizers such that the direction of the applied electric field was at 45° from the 
transmission axis of POL 1. In this arrangement, the PMN-PT sample acts as a 
polarization retarder with fast axis at 45° with respect to the transmission axis of POL 
1. The objective of this setup is to determine the applied voltage at which the laser 
power measured reaches its maximum. When no voltage is applied, the phase 
retardation is zero and no light is transmitted through POL 2 (See Equation 3.11). By 
Chapter 5: Evaluation of EO-RPR and segmented SVR 
 85 
slowly increasing the applied voltage, the phase retardation increases and light 
transmits through POL 2. When the applied voltage is increased such that the 
polarization retardation is equal to π, the laser power measured will reach the 
maximum value. In other words, the PMN-PT sample is now acting as a half-wave 
plate and has rotated the incident linear polarization by 90°. The Kerr coefficient K can 










  (5.1) 
 
where V is the applied voltage and d the distance between the parallel electrodes, and 
substituting   . 
 
 
Fig. 5.1: Experimental setup for Kerr coefficient determination. 
 
Experimentally, a PMN-PT sample was coated with chromium by electron-
beam deposition on both surfaces to implement the parallel electrodes (See Figure 5.2). 
The distance, d, between the electrodes was 5 mm and the thickness, L, of the sample 
was 0.5 mm. The applied voltage when the maximum laser power was obtained during 
DPSS 
532 nm 





POL 1 POL 2 
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experiment with this sample was ~ 1400 V. Since the refractive index of PMN-PT at 









Fig. 5.2: Chromium coated PMN-PT sample. 
 
5.1.2 Generation of radially polarized light using EO-RPR 
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Using the EO-RPR, radially polarized light was generated experimentally using the 
setup shown in Figure 5.3. For convenience, a frequency doubled DPSS CW laser 
operating at 532 nm was used as the laser source. The input laser source is firstly 
converted into a pure linearly polarized LG01 mode of M
2
 = 2 using a spiral phase plate 
followed by spatial filtering as shown in the dotted box. The SPP adds a spiral phase 
front to the beam which will eliminate that introduced by the EO-RPR, after that a 
circular polarizer (comprised of a linear polarizer followed by a quarter-wave plate) 
was used to convert the beam‟s linear polarization into circular polarization. This 
circularly polarized LG01 mode serves as an ideal input light source for the EO-RPR as 
blockage of incident light by the central electrode is then minimized. To ensure the 
quality of the generated CVB (polarization state L or R), alignment of the center of the 
EO-RPR to that of the incident light is essential. Recall that for the EO-RPR, d is equal 





2, λ = 532 nm 
and / 2   (quarter-wave retardation) into Equation 3.11, a voltage of 495 V is 
calculated by assuming that the electric field is equal to V/d. Since the radial electric 
field is in fact not a constant, the calculated voltage serves only as a reference starting 
value for testing. The applied voltage must then be fine-tuned to obtain a good quality 
beam.  
Subsequently, the emergent light from the EO-RPR passes through a pair of 
half-wave plates to rotate polarization state L or R to radially polarized light. To 
optimize the quality of the generated light, some experimental fine tuning was done. 
Finally, it was determined that an applied voltage of 520 V and an incident beam size 
of ~ 1 mm are the experimental conditions that will yield good radially polarized light. 
To characterize the generated light, the near-field and far-field intensity profiles were 
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imaged using a CCD camera and the radial polarization purity was measured using a 
2D polarimeter. 
5.1.3 Results and Discussion 
 
Fig. 5.4:  Intensity profiles of generated radially polarized light (a) just after the 
last half-wave plate and (b) at far-field, with and without a polarizer. White 
arrows indicate the different transmission axes of the rotated polarizer. 
 
Figure 5.4 shows its intensity profiles just after the last half-wave plate and at the far-
field. The images were captured using a CCD camera placed at the reduced 2f imaging 
distance (for images just after the half-wave plate) and at the focal plane (for far-field 
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breakages (dark regions) along the circumference of the ring-shaped beam are the 
portions of the incident beam blocked by the central electrode. However, looking at the 
far-field intensity profile without the polarizer, no such blockages can be observed and 
the beam evolves into a clear doughnut shape at the far-field due to diffraction. 
A polarizer was used to check the polarization state of the generated light. For 
both the near-field and far-field intensity profiles, two bright lobes were seen rotating 
with the transmission axis of the polarizer. The white arrows shown indicate the 
different transmission axes of the rotated polarizer and thus it can be deduced that the 
generated light is radially polarized. Using a 2D polarimeter, the radial polarization 
purity of the generated light was measured to be 95%. Then the M
2
 value of the 
generated light is measured to be 2.55 as compared to the initial value of 2 for the 
incident LG01 mode. 
In conclusion, the proposed scheme of CVB generation using the EO-RPR is 
feasible. Despite the issue with the non-uniform radial electric field, radially polarized 
light of good quality was generated. The issue was overcome by using an incident light 
beam with a small diameter and with some fine tuning of the applied voltage, a radial 
polarization purity of 95% has been attained experimentally. The unique feature of this 
scheme as compared to other previous methods of CVB generation is its potential for 
switchable generation. Furthermore, the EO-RPR can be employed at different 
wavelengths of interest simply by adjusting the applied voltage. The EO-RPR can also 
be fabricated easily as no complex fabrication processes or steps are involved and 
PMN-PT can be cut easily with a Q-switched DPSS 355 nm laser.  
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5.3 Evaluation of segmented SVR 
5.3.1 Generation of radially polarized light using segmented SVR 
Using the segmented SVR, radially polarized light was generated experimentally using 
the setup shown in Figure 5.5. A CW Ti:sapphire laser operating at 808 nm with a 
linewidth of ~ 0.06 nm is used as the light source to the SVR. The laser beam was 
expanded to cover the majority of SVR‟s clear aperture, which is about 22 mm in a bid 
to maximize the SVR‟s polarization conversion capability. Recall that the spiral 
surface profile of the SVR introduces a spiral phase front to the emergent light (See 
Chapter 3). To eliminate this spiral phase front, the segmented SVR is sandwiched 
between two optical flat fused silica substrates with an optical index matching gel. The 
SVR is then placed between two quarter-wave plates (QWP1 and QWP2), with 
orthogonally oriented fast axes, such that its fast axis is 45 with respect to that of 
QWP1. For convenience, a pair of half-wave plates was used to rotate the emergent 
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5.3.2 Results and Discussion 
Figure 5.6 shows the intensity profiles of the generated radially polarized light imaged 
using a CCD camera placed at the reduced 2f imaging distance of a lens. The actual 
SVR profile can be clearly seen when a polarizer is not used. When a polarizer is used 
to check the polarization state of the generated light, two bright lobes are seen rotating 
with the polarizer. The white arrows indicate the transmission axis directions of the 
polarizer and it can be deduced that the generated light is radially polarized. Looking at 
the intensity profile of the emergent light beam from the horizontal polarizer, one of 
the segments on the left appears darker than that on the right. This is due to a deviation 
in the fabricated height from the desired height for this segment. Another piece of 
evidence can be seen from the intensity profile of the emergent light beam from the 
vertical polarizer. The same segment that appears dark previously is now bright which 
is undesirable. Using a 2D polarimeter, the radial polarization purity at the near field is 
measured and a value of ~ 94.6% is obtained.  
 
Fig. 5.6: Intensity profiles of radially polarized light generated using the 
segmented SVR (a) without and (b) with a polarizer just after half-wave plates. 
White arrows indicate the transmission axes of the rotated polarizer. 
No Polarizer Polarizer = 0 Polarizer = 90
Polarizer = 45 Polarizer = 135
Polarizer = 0 Polarizer = 90
Polarizer = 45 Polarizer = 135
(a) Without polarizer (b) With polarizer 
 
Polarizer = 0 Polarizer = 90
Polarizer = 45 Polarizer = 135
Polarizer = 0 Polarizer = 90
Polarizer = 45 Polarizer = 135
Chapter 5: Evaluation of EO-RPR and segmented SVR 
 92 
Figure 5.7 shows the far-field intensity profiles of the generated radially 
polarized light imaged using a CCD camera placed at the focal plane of a lens. A clear 
doughnut shape is observed at the far field when a polarizer is not used. As in the near-
field case, two bright lobes are seen when a polarizer is used and they rotate with the 
polarizer‟s transmission axis. At the far-field region, the radial polarization purity 
obtained is ~ 96% with an M
2
 value of 2.39.  
 
 
Fig. 5.7: Far-field intensity profiles of radially polarized light generated using the 
segmented SVR (a) without and (b) with a polarizer. White arrows indicate the 
transmission axes of the rotated polarizer. 
 
Despite the deviation of one of the segments from its desired height, the radial 
polarization purity obtained is close to the theoretical maximum possible for an 8-
segment SVR. Thus, this scheme of CVB generation is robust in the sense that it 
allows some deviations in segment height, which eases the requirement for etched 
depth control. However, the demand for precise etched depth control becomes more 
stringent if a crystal with a higher birefringence is used.  
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To further improve the polarization purity, one can modify the number of 
segments of the SVR. This can be easily deduced from the error in retardation shown 
earlier in Chapter 3. With an increase in the number of segments, the error in 
retardation is reduced, resulting in higher theoretical polarization purity. Note that even 
when the number of segments is increased, the total etching time remains the same as 
the total etched depth required for a particular wavelength of light remains unchanged. 
More masks and finer mechanical aligners would then be needed but these masks can 
be re-used once fabricated; they will not add to the time required for fabricating the 
SVR. This can be a plus point from the fabrication aspect. 
In conclusion, the radially polarized light generated is of a much better quality 
than that generated in [22]. Hence, dry etching is a feasible method for fabricating the 
segmented SVR, solving the issue of poor surface roughness. In addition, by using dry 
etching, fabricating an SVR with a large clear aperture becomes possible and such a 
SVR can be potentially used for high-power laser applications. For this generation 
scheme, the main advantages include a simple setup and good robustness. Furthermore, 
polarization purity of the generated CVB can be enhanced by increasing the number of 
segments of the SVR. 






Two different methods of CVB generation were presented in this thesis. In these 
methods, custom designed optics were employed, namely the EO-RPR and the 
segmented SVR. 
The EO-RPR is in principle a quarter-wave plate with radial fast axes. It is 
capable of converting an incident circularly polarized light beam into a CVB. The 
implementation of such a quarter-wave plate was achieved easily through the use of 
the transparent EO ceramic, PMN-PT and exploiting its EO Kerr effect property. In 
our design, the EO-RPR consists of a circular PMN-PT disc with co-axial electrodes. 
When voltage was applied to the electrodes, the PMN-PT disc was subjected to a radial 
electric field. Due to the EO Kerr effect, the refractive index of the PMN-PT disc 
parallel to the radial direction decreased while that perpendicular remained unchanged. 
For this reason, the PMN-PT disc acted as a wave plate with radial fast axes. Then, the 
decrease in refractive index is dependent on the strength of the radial electric field. 
Thus, by controlling the applied voltage, the PMN-PT disc can be configured to act as 
a quarter-wave plate. 
In this work, a simple prototype of the EO-RPR was built. The required PMN-
PT disc was fabricated by laser micro-processing. It was cut and drilled using a Q-
switched, DPSS 355 nm laser system. Then the coaxial electrodes were implemented 
through the use of an aluminium disc with a central through hole and a copper wire. 
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All these components formed the foundation of the prototype. The assembled EO-RPR 
prototype was then used to convert a circularly polarized LG01 mode into a radially 
polarized doughnut beam at a wavelength of 532 nm. Experimentally, a good radial 
polarization purity of 95% was obtained. This proved the feasibility of this new CVB 
generation method and the capability of the proposed EO-RPR.  
This method based on the EO-RPR is the first demonstration of CVBs 
generated using the EO Kerr effect. For this reason, it has the advantage of switchable 
generation compared to other previous methods. Furthermore, PMN-PT is transparent 
over a wide spectral range. Hence, by adjusting the applied voltage, the EO-RPR can 
be used at different wavelengths. In addition to these capabilities, no complex 
processes are required in the fabrication of the EO-RPR. 
The segmented SVR is a birefringent crystal with a stepped-spiral surface 
profile; an 8-segment design was adopted in this work. When used together with two 
quarter-wave plates, it converts an incident linearly polarized light beam into a CVB. 
In this method, the quarter-wave plates are arranged such that their fast axes are 
orthogonal and the SVR is sandwiched between them such that its fast axis is at 45° 
with respect to that of the first wave plate. Using this configuration, the emergent beam 
is always a CVB for any incident linearly polarized light. 
The implementation of the segmented SVR was achieved using a multi-stage, 
dry etching process. The stepped-spiral surface profile of the segmented SVR was 
etched onto the surface of the birefringent crystal α-BBO. The etching process was 
carried out using an inductively coupled plasma of argon gas. Then to create the 8-
segment stepped-spiral surface profile, seven dry etching steps and seven silicon masks 
with the appropriate shapes were required. Each of these silicon masks has a specific 
shape and was fabricated by means of laser cutting using a Q-switched, DPSS 532 nm 
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laser system. Before each etching process, a silicon mask was glued onto the crystal 
and aligned with respect to the crystal‟s fast axis by using customized mechanical 
aligners. Through the use of these masks with the appropriate shapes in the proper 
sequence, the desired etched area on the crystal surface was controlled for each of the 
seven etching steps. For the α-BBO crystal, the etched depth for each etching step was 
calculated to be ~ 1.461 μm. Due to the long etching time required for each segment of 
the SVR, it was prone to deviations from the desired etched depth due to slight 
fluctuations in etch rate. To minimize such etched depth errors and to gain good etched 
depth control, the “Rough-fine” etching strategy was adopted. It is simply a two-step 
etching process for each segment of the SVR which helps compensate for fluctuations 
in etch rates.  
Using the above-mentioned methodology, an 8-segment SVR with good 
surface roughness was successfully fabricated. This addresses the surface roughness 
issue faced by the LIBWE fabrication method. This 8-segment SVR was used to 
convert a linearly polarized light beam into a radially polarized light beam 
experimentally and a good radial polarization purity of ~ 96% was attained. The 
adoption of dry etching as the fabrication method also offers the possibility of 
fabricating a segmented SVR with a large clear aperture. Such an SVR, coupled with 
the proper selection of substrate material, can be potentially used in high-power CVB 
generation.  
In summary, a new CVB generation method based on the EO-RPR was 
successfully demonstrated and the quality of the CVB generated by the SVR was 
successfully improved through use of an 8-segment SVR fabricated by the dry etching 
process. 
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6.1 Future Work for EO-RPR 
The voltage applied to the EO-RPR prototype used in this work is 520 V and it is 
provided by a high voltage power supply. Ideally, the applied voltage should be in the 
range of tens of volts, which then eliminates the need for a high voltage power supply. 
From Equation 3.13, potential ways to decrease the applied voltage can be deduced.  
 One approach is to increase the thickness of the PMN-PT substrate used. 
Theoretically, one can use a very thick PMN-PT substrate such that the applied voltage 
drops to tens of volts. Practically however, fabrication becomes an issue as a thicker 
substrate is harder to cut and drill with a laser. A simple solution is to cascade a few 
EO-RPRs together. This divides the total phase difference required among them and in 
turn decreases the voltage requirement on each EO-RPR. 
Another approach is to decrease the distance between the co-axial electrodes 
through the use of transparent inter-digited electrodes. With proper arrangement of 
such electrodes, the uniformity of the radial electric field can be improved and this 
helps to improve the polarization purity of the generated CVB. 
 
6.2 Future Work for the segmented SVR 
In this work, the dry etching process employed uses an inductively coupled plasma of 
argon gas and a long etching time is needed for fabricating the SVR. Other dry etching 
methods such as ion milling could be adopted as an alternative. The alternative method 
should be evaluated based on etch rate, etch uniformity over a wide area and surface 
roughness of the etched substrate. Ideally, the alternative dry etching process should 
have a fast etch rate, good etch uniformity and minimal influence on the substrate‟s 
original surface roughness. 
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For the 8-segment SVR, the quality of the generated CVBs can be further 
improved by increasing the number of segments. Then mask alignment is another area 
that can be improved as the method employed in this work still results in the 
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